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a  b  s  t  r  a  c  t
We  describe  a novel  dissimilarity  framework  to  analyze  spatial  patterns  of species  diversity  and  illustrate
it  with  alien  plant  invasions  in  Northern  Portugal.  We  used  this  framework  to test the  hypothesis  that
patterns  of  alien  invasive  plant  species  richness  and composition  are  differently  affected  by differences
in  climate,  land  use  and  landscape  connectivity  (i.e.  Geographic  distance  as  a proxy  and  vectorial  objects
that  facilitate  dispersal  such  as roads  and  rivers)  between  pairs  of localities  at the  regional  scale.  We
further  evaluated  possible  effects  of plant  life  strategies  (Grime’s  C-S-R)  and  residence  time.  Each  locality
consisted  of a 1 km2 landscape  mosaic  in  which  all alien  invasive  species  were  recorded  by visiting  all
habitat  types.
Multi-model  inference  revealed  that  dissimilarity  in species  richness  is  more  inﬂuenced  by environ-
mental  distance  (particularly  climate),  whereas  geographic  distance  (proxies  for dispersal  limitations)  is
more important  to explain  dissimilarity  in  species  composition,  with  a prevailing  role  for  ecotones  and
roads.  However,  only  minor  differences  were  found  in the  responses  of the three  C-S-R  strategies.  Some
effect  of  residence  time  was  found,  but only  for dissimilarity  in species  richness.  Our  results  also  indicated
that  environmental  conditions  (e.g.  climate  conditions)  limit  the  number  of  alien  species  invading  a given
site,  but  that  the  presence  of  dispersal  corridors  determines  the  paths  of invasion  and  therefore  the  pool
of  species  reaching  each  site.  As  geographic  distances  (e.g.  ecotones  and  roads)  tend  to  explain  invasion
at  our  regional  scale  highlights  the need  to  consider  the  management  of  alien  invasions  in  the  context
of  integrated  landscape  planning.  Alien  species  management  should  include  (but not  be limited  to)  the
mitigation  of  dispersal  pathways  along  linear  infrastructures.  Our  results  therefore  highlight  potentially
useful  applications  of the  novel  multimodel  framework  to  the anticipation  and  management  of  plant
invasions.
© 2013 Elsevier GmbH. All rights reserved.
Introduction
Biological invasions constitute a major threat to native bio-
diversity in many regions of the world, right after habitat loss
(Theoharides and Dukes, 2007), and are able to modify key pro-
cesses within ecosystems and to cause economic damage (Leadley
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et al., 2010). Ecosystem invasion by alien species represents an
important component of global environmental change, causing
biotic homogenization and inducing changes in native biodiversity
at the habitat and landscape levels (Theoharides and Dukes, 2007;
Winter et al., 2010). Invasions often drive ecosystem processes to
situations beyond the normal range of ecosystem resilience and are
therefore difﬁcult to reverse (Pereira et al., 2010). Much effort has
been put into understanding the effects of habitat loss and fragmen-
tation on biodiversity (Leadley et al., 2010), however the impacts
of key geographic factors that shape biological invasions (and their
effects on native biodiversity and the provision of valuable ecosys-
tem services) are still poorly investigated (Le Maitre et al., 2004).
1433-8319/$ – see front matter ©  2013 Elsevier GmbH. All rights reserved.
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Introduction pathways of alien species to new areas are linked to
human activities at local, regional and continental scales (Thuiller
et al., 2006). This is consistent with theories that relate urbaniza-
tion and other human activities to higher levels of alien propagule
pressure (Wilson et al., 2007). Understanding the mechanisms
explaining how invasive species are spatially and ecologically
distributed has become a central research issue in ecology and
evolutionary biology, due to its close relation to the success of
invasion (Alpert et al., 2000). Several studies have addressed the
importance of environmental (Marco et al., 2011) or geographic
distances (Minor et al., 2009) in species composition dissimilari-
ties (Ferrier et al., 2007; Winter et al., 2010; Keil et al., 2012), but
few comparing the relative effects of the two types of distances on
patterns of (dis)similarity in alien species richness and composition
(e.g. Lososová et al., 2011).
When evaluating the importance of distances to explain pat-
terns of alien invaders (mainly in the case of neophytes, which
may  be far from occupying their full potential range in the invaded
area), geographic distance between locations may  play a more
important role than environmental distance, unlike what could be
expected for native biodiversity for some scales (Li et al., 2011).
Indeed, time since introduction and species traits related to dis-
persal (e.g. seed or fruit size, seed or fruit resistance and longevity,
dispersal mechanisms) can jointly constrain the ability of invaders
to colonize their potential climatic range in the newly invaded
area (Alpert et al., 2000). Moreover, it has been demonstrated that
habitat connectivity and the presence of man-made connecting
infrastructures (e.g. roads) or other corridors (e.g. river banks)
offer preferential routes for the spread of alien species across the
landscape or region (Proches et al., 2005; Christen and Matlack,
2006; Minor et al., 2009).
The anticipation of biological invasions can focus either on traits
that favour species invasiveness or on features of the recipient
environment that inﬂuence community or landscape invasibility
(Vicente et al., 2010). One approach to assess the relative role of
environment (related to invasibility), and dispersal (related to inva-
siveness) in controlling biological invasions is to ﬁt distribution
models relating alien species diversity to environmental predictors,
and to account for potential dispersal vectors (e.g. Thuiller et al.,
2006). Over the last two decades, the use of such empirical statis-
tical models have increased in ecology to predict the geographic
distribution of species and diversity measures, but they can also
be used for testing hypotheses on the role of different environ-
mental predictors (explanatory modelling sensu Shmueli, 2010;
Broennimann and Guisan, 2008).
Invasibility and invasiveness, two key components of invasion,
are thought to be primarily determined by habitat suitability and
by propagule pressure and dispersal, respectively (Brooks, 2007).
Consequently, invasiveness is expected to be mediated by life
strategies (e.g. by intrinsic life-history or species traits; Pysek and
Richardson, 2007), whereas invasibility is more related to local
conditions at the site, habitat or landscape levels (Vicente et al.,
2010). For vascular plants, a multitude of functional classiﬁcations
have been proposed over recent decades, based on life strategies,
growth forms and reproductive strategies, allowing many different
groups to be tested in invasion biology (Grime, 2002). In the con-
text of plant invasion, the integrative power of the “C-S-R functional
signature” (i.e. the relative abundance of Competitors (C), Stress-
tolerants (S) and Ruderals (R) in a given species pool; Grime, 1977)
can be used to recognize community processes such as resistance,
resilience, eutrophication and dereliction (Grime, 2002; Hunt et al.,
2004).
Environmental conditions and dispersal limitations are known
to shape the patterns of native biodiversity at the regional scale,
with environmental heterogeneity inﬂuencing species richness and
dispersal mainly constraining species composition (Ferrier et al.,
2007; Theoharides and Dukes, 2007). This general pattern is a result
of a long history of interactions among species and between these
and their environment. However, the same could eventually not be
true for the patterns of alien invasive species in a given region since:
(i) alien species differ in the actual traits driving their invasiveness
in the new territory, (ii) their residence time is quite heteroge-
neous and often very short (i.e. few years or decades), (iii) their
whole residence time has coincided with human-driven environ-
mental heterogeneity and changes, (iv) multiple introductions (in
space and time) may  produce complex patterns of expansion and
distribution, and (v) multiple interaction with native species may
further induce complex patterns of invasion (e.g. Van Kleunen et al.,
2010).
Here we propose to evaluate the relative contribution of envi-
ronmental and geographic distances in explaining spatial patterns
of dissimilarities of alien plant species richness and composition,
using Northwest Portugal, a heavily invaded region (see Vicente
et al., 2010), as a test area. For this, we  used an information-
theoretic approach to test whether geographic distance between
sites (as a proxy for dispersal constraints) is more important than
environmental dissimilarity between those same sites in explain-
ing patterns of (i) alien invasive species richness, and (ii) alien
invasive species composition, both at the landscape level. We  ana-
lyzed patterns for a total set of 86 species, and separately for two
subsets of species based on the time since introduction i.e. species
with long residence time (here deﬁned as neophytes introduced
between years 1500 and 1900) and species with short residence
time (neophytes introduced after year 1900; Almeida and Freitas,
2006). We also analyzed patterns for the same set of 86 alien species
classiﬁed according to Grime’s (1977) C-S-R primary strategies,
testing (iii) whether the relative importance of geographic dis-
tances and environmental dissimilarities on species richness and
composition would differ among invasive plant strategies.
Methods
Analytical framework
Modelling the patterns of dissimilarity in species diversity
among locations has been proposed in recent years as a com-
plementary approach to direct correlation analysis (Ferrier et al.,
2007). This approach has proven notably useful as the only robust
way to take into account the effect of geographic distances in
the study and modelling of dissimilarity patterns. In this study a
dissimilarity approach (rather than direct correlation) was used,
supported by multi-model inference, in order to assess patterns and
drivers of both species richness and species composition dissimi-
larity under a common analytical framework. This allowed a direct
comparison of results for the two components of alien species
diversity and an assessment of their responses to a common set
of environmental and geographic factors. Moreover, a multi-model
inference approach allows a better assessment of the relative con-
tribution of invaded landscapes (i.e. invasibility) and of the species’
intrinsic properties (i.e. invasiveness).
Data analyses were organized according to the three major
research questions. The ﬁrst two  addressed dissimilarities of alien
species richness and composition for total, long residence time
and short residence time species, and the third question addressed
responses of species richness and composition for distinct alien
plant strategies. For each of these three questions, we tested three
groups of hypotheses using combinations of competing models
(Table 1). These three groups of hypotheses (“General hypotheses”
in Table 1) are related to: (i) the inﬂuence of geographic distances
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Table  1
General hypotheses (related to types of distances), speciﬁc hypotheses (and related competing models), predictors used in each model, and supporting literature references
(M12 null model, an intercept model, assumes that all locations have the same probability of having the same species).
General hypotheses Competing models (speciﬁc
hypotheses)
Predictors References
Environmental distance ED
M1 – climate TMN (minimum temperature
of the coldest month)
SPRE (summer precipitation)
Pino et al. (2005)
Godoy et al. (2008)
M2 – landscape composition pNFo (% cover of natural forest)
pUrb (% cover of urban areas)
pAFo (% cover of forest stands)
SWIlu (local diversity of land
cover types)
Pino et al. (2005)
Song et al. (2005)
M3 – landscape structure MSI (mean shape index –
average perimeter-to-area
ratio for all patches reﬂecting
complexity)
dHNe (density of local
hydrographic network)
Le Maitre et al. (2004)
Dufour et al. (2006)
Foxcroft et al. (2007)
M4 – landscape productivity GPP (mean gross annual
primary productivity)
Williams et al. (2005)
M5 – ﬁre regime NFir (total number of ﬁre
occurrences)
Keeley et al. (2005)
M6 – geology pGra (percentage of granite)
SWIso (local diversity of soil
types)
pFlu (percentage of ﬂuvisoils)
Rose and Hermanutz (2004)
Dufour et al. (2006)
M7 – topography SWIsl (local variation of slope) Holmes et al. (2005)
Dufour et al. (2006)
Geographic distances GD
M8 – ecotone distance disEc (distance by ecotones) Proches et al. (2005)
Minor et al. (2009)
M9 – river distance disRi (distance by rivers) Proches et al. (2005)
Minor et al. (2009)
Säumel and Kowarik (2010)
M10 – road distance disRo (distance by roads) Trombulak and Frissell (2000)
Proches et al. (2005)
Christen and Matlack (2006)
Minor et al. (2009)
M11 – euclidean distance disEu (euclidean distance) Proches et al. (2005)
Steinitz et al. (2006)
Theoharides and Dukes (2007)
Minor et al. (2009)
Keil et al. (2012)
Null model RM M12 – null model Burnham and Anderson (2002)
(GD), (ii) the effects of environmental distances (ED), and (iii) a
null model (RM) that assumes that neither GD nor ED would have
inﬂuence on patterns of alien invaders (Fig. 1).
A set of 12 competing models and related speciﬁc hypothe-
ses was established from combinations of predictor types (see
below, Table 1). Competing models and their underlying hypothe-
ses and principles are described in Table 1 (for more information
see Appendix A in Supporting Information, see also Vicente et al.,
2010).
Study area and sampling strategy
The study area is located in the Northwest of Portugal (geo-
graphic bounding box: 8◦52′–8◦02′W;  41◦24′–42◦09′N; Fig. 2). It
covers an area of 3462 km2 at the transition between the Atlantic
and Mediterranean biogeographic regions. Elevation ranges from
sea level (in the west) to 1540 m in the eastern mountains, with
valleys of major rivers running from ENE to WSW.  Mean annual
temperature ranges from ca. 9 ◦C to 15 ◦C, and the average total
annual precipitation varies between ca. 1200 mm in the western
lowlands and 3000 mm in the eastern mountain summits.
To structure the ﬁeld sampling of alien invasive plant diversity,
we stratiﬁed the region based on climate (mean annual temper-
ature), geology (dominant bedrock types) and broad land cover
types (using percentage of forest cover as a proxy), thus reﬂect-
ing the major environmental variations within the region (Vicente
et al., 2010). Mean annual temperature and percentage of for-
est cover were split into three classes, applying the Jenks natural
breaks classiﬁcation method (data classiﬁcation method designed
to determine the best arrangement of values into different classes
by seeking to minimize each class’s average deviation from the class
mean, while maximizing each class’s deviation from the means of
the other groups; Jenks, 1967) in ArcGIS 9.3 software (ESRI, 2009).
Bedrock types were reclassiﬁed qualitatively as granitic rocks,
schistose rocks, and a third class including all other types, which
have a limited distribution in the area (see Appendix B). The spatial
combination of these classes resulted in 27 potential strata, from
which 23 were actually represented in the test area.
We  applied an equal-stratiﬁed sampling design (see Vicente
et al., 2010) by randomly selecting four 1 km × 1 km sites (here-
after referred as “cells”) in each stratum, with the exception of one
stratum, which was  represented by only three cells in the region.
This resulted in a total of 91 cells, in which ﬁeld surveys were
carried out between April and May  2008 (corresponding to the
regional phenological optimum of most alien species). The occur-
rence of all alien plant species known to be invasive in Portugal was
recorded using a ﬁxed sampling effort (1 h per cell) while visiting
all habitat types (Vicente et al., 2010).
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Fig. 1. Examples of combinations of response and predictor variables used in the set of competing models. Response variables: (a and b) Species richness dissimilarity (SR);
(c  and d) Compositional dissimilarity (1 − J; J = Jaccard similarity index). Predictor variables: (a and c) Geographic distance (GD; e.g. distance by roads); (b and d) Euclidean
environmental distance (ED; e.g. temperature difference).
Response variables
Alien plant species richness was obtained by considering all
alien plant species occurring within each of the 91 surveyed cells.
Alien species were classiﬁed as having long residence time (LRT
1500–1900) or short residence time (SRT 1901-actuality) based
on their known introduction date in the study area (Almeida
and Freitas, 2006; Appendix D). Alien species were also grouped
according to the C-S-R plant strategy classiﬁcation of Grime (1977;
C = competitive, S = stress, R = ruderal) by relating each species to
one of the seven strategies (C, S, R, CR, CS, SR, or CSR; for more
details see Vicente et al., 2010). Because information about the
abundance of alien plants was not available to compute a func-
tional signature (Hunt et al., 2004), we calculated the frequency
of each primary strategy (C, S, and R) in each cell. Species belong-
ing to intermediate strategies were used to compute the frequency
of both corresponding primary strategies (e.g., a species classiﬁed
as CS was  used to estimate the richness of both C-strategists and
S-strategists because it exhibits traits related to both strategies;
Vicente et al., 2010, for more detailed information see Appendix E).
Absolute differences of species number were calculated using
the Euclidean index, reﬂecting the difference in species richness
between pairs of sites. Dissimilarity of species composition was
quantiﬁed using 1-Jaccard index, suitable for presence–absence
data. The Jaccard index (J) is a similarity index that reﬂects the
proportion of the species present in a given pair of sites that are
shared by those sites (J = a/(a + b + c), where “a” corresponds to the
total number of species common to site 1 and site 2; “b” is the total
Fig. 2. Location of study area in Europe (a) and in the Iberian Peninsula (b), digital terrain model (c) and mean annual temperature (d).
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number of species occurring in site 1 but not in site 2; and “c” is the
total number of species occurring in site 2 but not in site 1).
Eight response variables were used for model ﬁtting: four
related to species richness dissimilarity using the Euclidean index
(i.e. total species richness dissimilarity (SRT), competitor species
richness dissimilarity (SRC), stress-tolerant species richness dis-
similarity (SRS), and ruderal species richness dissimilarity (SRR));
and four reﬂecting compositional dissimilarity using the Jaccard
index (i.e. total species compositional dissimilarity (JT), competi-
tor species compositional dissimilarity (JC), stress-tolerant species
compositional dissimilarity (JS), and ruderal species compositional
dissimilarity (JR)). Each response variable was obtained by comput-
ing a dissimilarity matrix for all possible combinations of sampling
sites, both for species richness and for species composition.
Predictor variables
Predictors were selected depending on a set of a priori ques-
tions, but to avoid multicolinearity only predictors with Spearman
correlation <0.7 (Wisz and Guisan, 2009) and Generalized Variance
Inﬂation Factor VIF < 5 (Neter et al., 1983) were used.
Dissimilarity matrices for all environmental distances were
calculated in the R software (R Development Core Team, 2012),
whereas geographic distances were calculated based on the net-
work distance between each pair of sample sites (cells) in order
to reﬂect connectivity and potential dispersal between sites.
Euclidean geographic distances were calculated based on the geo-
graphic coordinates, while geographic distances along landscape
features were determined from least cost path distances based on
graph theory (Minor and Urban, 2008). The least cost path dis-
tance between all pairs of samples was calculated using the Dijkstra
algorithm implemented in PgRouting (Dijkstra, 1959). This algo-
rithm allows calculating the smallest geographic distance between
sampled sites, either by roads (using a road network spatial vec-
tor layer), by rivers (using a river network spatial vector layer), or
by ecotones (sensu Lloyd et al., 2000, using a land-cover edge spa-
tial vector layer). All geographic distances were calculated as the
minimum path distance between the centroids of the cells being
compared. Finally, we transformed each distance matrix into one
column based on all possible combinations of sampling sites, in
order to apply multi-model selection and inference based on Gen-
eralized Linear Models (GLMs; Vicente et al., 2010).
A null model (intercept model), assuming that all locations have
the same probability of having the same species, was  included as a
third general hypothesis (see Table 1) in all analyses to test whether
the selected competing models were better than a model consider-
ing the absence of GD and ED effects (i.e. whether the models used
as hypotheses are in fact more reliable than an intercept model;
Burnham and Anderson, 2002).
Model calibration and model selection
We  ﬁt a set of competing models (GLMs) within a multi-model
inference framework (MMI;  Burnham and Anderson, 2002) to
assess how well each model was supported by the data, instead
of using a single best model. We  used the corrected Akaike Infor-
mation Criterion (AIC; Akaike, 1973) for small sample sizes (AICc,
Shono, 2000), as recommended when the ratio between n (the
number of observations used to ﬁt the model) and K (the number of
parameters in the largest model) is <40 (Shono, 2000; Burnham and
Anderson, 2002). For comparisons among models we calculated
the AICc difference, where i  = AICc initial − AICc minimum (where:
AICc initial is second-order AIC for each competing model, and
AICc minimum is the estimate of relative, expected Kullback–Leibler
distance information for the best model in the set, given the data;
Burnham and Anderson, 2002). Using the i we derived the Akaike
weights (wi), interpreted as the probability that a candidate model
will be the best approximating and most parsimonious model given
the data and the set of models. These weights are scaled between
zero and one, and represent the evidence for a particular model as
a proportion of the total evidence supporting all models (Burnham
and Anderson, 2002). Finally, we  calculated the Nagelkerke’s R2
(Guisan and Zimmermann, 2000) to estimate the models’ explana-
tory power.
To avoid spatial autocorrelation of the response variable, and
to overcome the problem of lack of independence between site
pairs (for the computation of species richness dissimilarity and of
compositional dissimilarity) we  randomly selected 91 pairs of sites
(from the 4095 possible) to calibrate the models using a bootstrap
procedure with 10,000 repetitions for each response variable.
All models were ﬁtted using the R software (R 2.15.2,
2012) and associated packages available from CRAN
(http://cran.r-project.org). Species richness dissimilarity
(Euclidean dissimilarity index) or species compositional dis-
similarity (1 – Jaccard) were used as the response variable in GLMs
with Poisson variance and the log link function for species richness
dissimilarity (Vincent and Haworth, 1983), and with Binomial
variance and the logit link function for species compositional
dissimilarity (Millar et al., 2011). Up to second-order polynomials
(linear and quadratic terms) were allowed for each predictor in
the GLMs, with the linear term being forced in the model each
time the quadratic term was  retained. The ﬁnal values of I, wi,
and R2 were obtained by the average of the 10,000 repetitions for
each response variable.
Results
Residence time and dissimilarity patterns for alien species
richness and composition
For explaining regional patterns of dissimilarity of alien invasive
species richness, the best approximation and most parsimonious
model, given our data and all the competing hypotheses, was the
one based on the climate hypothesis, both for the total pool and for
short residence time species (M1, wi = 0.987 and wi = 0.988, respec-
tively). It highlights the inﬂuence of this environmental distance
in the explanation of alien species richness dissimilarities at the
regional scale (Table 2). The model based on landscape composition
(another environmental distance) was the best model selected for
long time residence species (Table 2). Models based on geographic
distances were not supported by species richness dissimilarity
data, nor was  the null model, for neither the total pool, nor long
and short residence time species.
Alien species composition dissimilarities for the total pool
of species, as well as for both the long and short residence
time species, were primarily explained by geographic distances,
particularly those related to distance by roads (M10; total pool
wi = 0.161; long residence species wi = 0.147; short residence
species wi = 0.166), by ecotones (M8, total pool wi = 0.148; long
residence species wi = 0.152; short residence species wi = 0.147),
as well as the one based on Euclidean distance (M11; total
pool wi = 0.117; long residence species wi = 0.139; short residence
species wi = 0.116; Table 2). Regional dissimilarity patterns for alien
species richness and for alien species composition thus seem to be
driven by distinct factors (see Table 2).
Fig. 3 illustrates the results achieved for the total species pool,
from the selected pairs of sampling cells differing in environmen-
tal and/or geographic distances, and the relationship between the
response variable (total pairs of sites) and the best model in each
case (Fig. 3c and f).
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1 Effects of alien plant life strategies on dissimilarity patterns
The best models for explaining regional patterns of alien
species richness dissimilarities of the three extreme plant life
strategies were always based on the climate-related hypothesis
(M1, wi = 0.963 for C-strategists, wi = 0.973 for S-strategists, and
wi = 0.980 for R-strategists; Table 3).
When testing for the inﬂuence of plant life strategies on alien
species compositional dissimilarities, two  of the best models were
the same for all strategies, namely those based on geographic dis-
tance by ecotones (M8) and on geographic distance by roads (M10).
Furthermore, for C-strategists the model based on geographic dis-
tance by rivers (M9) was  also selected as important to explain
compositional dissimilarities. For S-strategists, the model based on
landscape productivity (M4) was also selected. This was the only
selected model that is related to environmental distances, so once
again geographic distances were the prevailing factors driving the
patterns of alien compositional dissimilarity at the regional scale,
for all three plant life strategies.
Discussion
Regional drivers of dissimilarity in alien species richness and
composition
In this study we  described and tested a framework to address the
relative importance of environmental heterogeneity (expressing
regional variations in local invasibility) and geographic dispersal
distance (expressing regional invasion paths) as determinants of
landscape invasion by alien plants. Assessing the patterns of com-
positional dissimilarity among sites or regions, e.g. using GDM  as a
tool (Ferrier et al., 2007), has been proposed as a promising com-
plementary approach to traditional correlative analyses. Here we
extended the dissimilarity approach to the compared analysis of
species richness and species composition for alien invasive plants at
the regional scale. Our framework, based on multi-model inference,
allows a direct comparison of the relative importance of several
environmental and geographic factors.
Previous studies in this region had shown that distinct envi-
ronmental gradients, with an emphasis for climate, affected the
distribution of individual alien species as well as the patterns of
alien species richness (Vicente et al., 2010, 2011). Particularly,
regional climatic gradients were conﬁrmed as a major determi-
nant of the distribution of Silver Wattle (Acacia dealbata Link), the
most widespread invasive plant in Northern Portugal (Vicente et al.,
2011). Climate parameters, and more speciﬁcally temperature and
precipitation, have been extensively reported as major constraints
of invasion processes (Pino et al., 2005; Godoy et al., 2008). The
1500 m altitude gradient facing the coastline and the physiographic
features of our test area are reﬂected in a strong variability of
both temperature and precipitation. Most of our best supported
models of species richness dissimilarities were related to climate
differences, in agreement with results from previous studies and
providing further support to the hypothesis of climate acting as
the prevailing determinant of invasibility in mountainous regions
(e.g. Pino et al., 2005; Godoy et al., 2008). The fact that environmen-
tal distances were of higher importance than geographic distances
to explain regional dissimilarity patterns for alien species richness
also converges with previous studies that describe the close rela-
tionship between (dis)similarity in environmental conditions and
patterns of species richness (Holmes et al., 2005; Keeley et al., 2005;
Dufour et al., 2006; Godoy et al., 2008; Vicente et al., 2010).
Our results provide some support to the hypothesis that
geographic distances (and thus limitations to dispersal) do not
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Fig. 3. Illustration of the results with selected pairs of sampling cells differing in environmental and/or geographic distances (response variables: (a), (b), and (c) – species
richness dissimilarity; (d), (e), and (f) – compositional dissimilarity). In each situation four extreme combinations between geographic (distance by ecotones) and environ-
mental  distances (minimum temperature of the coldest month) are illustrated. Means of environmental distance (ED mean), geographic distance (GD mean) and response
variables (SRT mean, 1 − J mean) are shown in the tables to compare with the actual values of the selected combinations of sites (represented as pairs of numbers in
brackets). Combination A: both environmental and geographic distances are small; combination B: large environmental distance but small geographic distance; combination
C:  small environmental distance but large geographic distance; and combination D: both environmental and geographic distances are large. In the maps, line thickness is
related  to the (dis)similarity between sites, with thicker lines representing more similar pairs of sites. The ﬁgure illustrates that species richness (dis)similarity is more
related  to environmental distances (b: combinations A and C versus B and D), whereas compositional (dis)similarity is more related to geographic distances (d: combinations
A  and B versus C and D). Plot (c) illustrates the relationship between species richness dissimilarity and climatic dissimilarity (best selected model; M1), plot (f) illustrates the
relationship between species compositional dissimilarity and the distance by ecotones (best selected model; M8). Note that the illustrative plots were made using all the
possible pairs of sites.
represent important obstacles to landscape invasion by a given
number of alien plant species, even in regions where most neo-
phytes species were only recently introduced. In fact, our results
suggest that the actual number of species invading each landscape
mosaic is primarily determined by its environmental conditions,
notably those related to climate, with colder mountain sites con-
stantly hosting fewer alien invasive species than warmer lowland
sites (Vicente et al., 2010). A noticeable exception is the sub-set of
species with longer residence times, for which the dissimilarity of
species richness was not explained by climate, but rather by differ-
ences in landscape composition. This contrasting response may  be
explained by the fact that most of species with long residence time
in the region are widespread weed and ruderal species (Appendices
C and D), known to be most inﬂuenced by land use and other types
of disturbance (Grime, 2002), provided that residence has been long
enough to reach equilibrium.
Although the results are not as strong as those obtained for
species richness, there is a relationship between regional patterns
of species composition dissimilarity and geographic distances,
speciﬁcally with distance by ecotones, roads, and euclidean
distance between pairs of sampling sites. In this case, no differ-
ences were found between the responses of species with long
and short residence time. Our results agree with previous studies
reporting that the spread of invaders is facilitated by the existence
of corridors in the landscape (Proches et al., 2005; Minor et al.,
2009). They are also consistent with studies that have described
that geographic distances amplify the effects of environmental
distances with respect to the compositional assembly of invasive
alien species, and that differences in species dispersal mechanisms
and habitat preferences may  inﬂuence the spread of invasive
species in a fragmented landscape (Proches et al., 2005; Steinitz
et al., 2006; Minor et al., 2009).
Overall, our results suggest that, in an heterogeneous region,
environmental conditions are the major driver of variations in
landscape invasibility as measured by alien plant species rich-
ness, whereas geographic distances (related to dispersal) have the
strongest effect determining which species are actually shared
among sites. These effects are summarized in Fig. 4. This pat-
tern may  have been expected since most alien species recorded
in our regional survey are neophytes, and many of them have
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Fig. 4. Synthetic illustration of results obtained for Northwest Portugal from
the  application of the novel framework to assess the effects of environmental
and  geographic distances on regional patterns of alien invasion: combination I –
both environmental and geographic distances are small; combination II – large
environmental distance but small geographic distance; combination III – small
environmental distance but large geographic distance; and combination IV – both
environmental and geographic distances are large. Each combination of distances,
in  an environmentally heterogeneous region, is related to alien species richness
(SR)  and compositional similarity ((1 − J)) between pairs of sites. In our test
area, environmental conditions are the major driver of variations in landscape inva-
sibility as measured by alien plant species richness (combinations I and III), whereas
geographic distances (related to dispersal limitations) are the strongest effect deter-
mining which species are actually shared among sites (situations I and II). The same
framework can be used to test the importance of other effects (e.g. life strategies in
this study) on regional patterns of invasion.
been introduced in the last 100 years and may  still be expand-
ing their potential range in the region (Lomba et al., 2010; Vicente
et al., 2010). In fact, many areas with potentially suitable envi-
ronmental conditions for alien species in the tested pool may
still not have been colonized due to dispersal limitations and/or
short time since introduction in the region (Alpert et al., 2000;
Steinitz et al., 2006; Säumel and Kowarik, 2010; Marco et al.,
2011). Our results thus suggest that, while the environment may
determine landscape invasibility quantitatively, it is space (i.e.
dispersal) that seems to primarily act as a ﬁlter to alien species
recruitment.
The relative importance of environmental conditions and dis-
persal limitations in shaping the patterns of components of
biological diversity has been assessed for native biodiversity (e.g.
Ferrier et al., 2007) but hardly for alien invasive species (e.g.
Lososová et al., 2011). The later could exhibit distinct responses
due to short residence time, multiple introductions or other fac-
tors intrinsic to biological invasions (Van Kleunen et al., 2010). Our
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results, obtained from a statistically robust and intuitive approach,
are therefore not trivial since: (i) they provide evidence, for the
ﬁrst time to our knowledge, that key components of alien species
diversity (i.e. species richness and composition) seem to respond
to the same general drivers as the corresponding components of
native biodiversity at the regional scale; and (ii) they contribute
to identify the factors related to environment, dispersal, residence
time and species life strategies that most constrain each of those
two components.
Effects of plant strategy on regional patterns of dissimilarity
Overall, environmental distances (namely climatic differences)
were found to have the prevailing effects when we  explored the
general hypotheses concerning the effects of plant strategies on
alien species richness dissimilarity (Vicente et al., 2010, 2011).
Plant life strategies thus had no signiﬁcant effect on producing the
observed patterns of alien species richness in our test region. Con-
versely, regional patterns of compositional dissimilarity (Jaccard)
were better explained by geographic distances for all three strate-
gies. Two of the best models were common to all strategies, namely
those based on geographic distance by ecotones and on geographic
distance by roads, which suggests that roads and ecotones may  be
more effective than rivers as regional dispersal corridors for alien
invaders. This is especially important in the case of R-strategists,
which usually produce large amounts of seeds and are therefore
favoured by the presence of dispersal corridors in the landscape
(Proches et al., 2005; Minor et al., 2009).
Furthermore, the model based on the distance by rivers was also
selected as important to explain compositional dissimilarities for
C-strategists, which therefore seem to be able to proﬁt from most
types of dispersal corridors. In fact, the high productivity of veg-
etation on nutrient-rich soils, as those occurring along rivers, are
known to be particularly favourable for competitor species (Grime,
2002). It is noteworthy that for S-strategists the model based on
landscape productivity was also selected, which is consistent with
the known connection between stress-tolerant plants and low veg-
etation productivity (Grime, 2002). This was the only case where
an environmental distance was selected to explain composition
dissimilarities in our study. Therefore, there seems to be some
effect of plant strategies on regional patterns of alien species com-
position, with S-strategists exhibiting more distinctive responses
when compared to C- and R-strategists, conﬁrming previous results
(Vicente et al., 2010). Nonetheless, overall geographic distances
were the prevailing factors driving the patterns of alien composi-
tional dissimilarity at the regional scale for all plant life strategies,
conﬁrming dispersal as a key feature of alien species invasiveness
(Steinitz et al., 2006; Säumel and Kowarik, 2010; Marco et al., 2011).
Implications for alien control and landscape management
By exploring the factors driving distinct components/
dimensions of invasion by alien plants, our results contribute
to understanding why some regions are currently invaded by
many alien plant species, or by a certain species or type of species
(i.e. with a speciﬁc life strategy), as well as to forecast future areas
of invasion. In our test area, we conﬁrmed that, for alien invasive
plants, locations presenting environmental similarities usually
hosted similar numbers of species (even if the actual pool was
different), regardless of their relative geographic isolation. This
may  contribute to improve regional-level landscape planning
aimed at preventing invasions and their effects on ecosystems and
biodiversity, by identifying areas where invasion may  be occurring
now or in the near future and thereby contribute to establish
priorities for early signalling and for preventive landscape
management (Broennimann and Guisan, 2008; Vicente et al., 2011).
Even so, this kind of information can be quite ineffective to pre-
vent invasion as it only weights invasibility (and only regarding
the number of species) and does not consider invasiveness traits of
species (Hanspach et al., 2010). If we aim to integrate information
about which species are in a given place and why  some regions
are compositionally similar, then dispersal and other invasive-
ness traits should be incorporated (Thuiller et al., 2006; Pysek and
Richardson, 2007). Our results suggest that geographic distances
are the strongest determinants of compositional dissimilarity; i.e.
the presence of dispersal corridors, which are related to the inva-
siveness ability of alien species (and of species groups deﬁned by
life strategies), will inﬂuence which alien species do occur in each
landscape. This information can be used to predict which habitats
and areas will be more prone to invasion or where a given species
(or strategy) will likely invade within a given region (Proches et al.,
2005; Säumel and Kowarik, 2010).
The few areas in our test region devoid of alien invasive plants
are mountain areas, and previous studies have related this to the
fact that most alien invasive plant species in the region are frost-
sensitive (due their sub-tropical and/or lowland origin; Vicente
et al., 2010). Our results may  also have implications for conser-
vation planning in order to prevent new invasions in areas with
the greatest conservation value. In lowland areas a larger diversity
of alien species potentially occurs in a higher diversity of habitat
types, raising more complex and urgent challenges regarding not
only species control and eradication but also landscape manage-
ment aimed at preventing new invasions (Brooks, 2007; Foxcroft
et al., 2007). In these areas, environmental similarity and short geo-
graphic distances will favour the spread of many alien invaders
and also a high level of compositional similarity. Mountains, on the
other hand, can be prone to invasion if climate warming reduces the
number of frost days in the future (Pino et al., 2005; Vicente et al.,
2011), particularly if landscape composition also changes (driven
by shifting patterns of land-use) towards facilitating invasions.
Therefore, scientiﬁcally informed landscape design and manage-
ment strategies are needed to anticipate and prevent new invasions
in high nature value mountain landscapes (Song et al., 2005; Dufour
et al., 2006; Minor et al., 2009). The fact that our results sug-
gest a major role for roads and ecotones (but not for rivers) as
regional dispersal corridors for alien invasive plants highlights the
need to adopt integrated land planning and management, includ-
ing mitigation related to infrastructure development and landscape
fragmentation, as a tool in the anticipation of, and adaptation to,
biological invasions. The possible role of river corridors and other
features of landscapes in promoting the expansion of highly prob-
lematic individual species should nevertheless not be ignored in
such integrated management of biological invasions.
Conclusions
In this study we  concluded that, in an environmentally
heterogeneous region, alien species richness dissimilarities are
more explained by environmental differences between locations
(namely differences in climate), whereas compositional dissimilar-
ities are more related with geographic distances (particularly dis-
tance by ecotones and roads). This provided support to the hypoth-
esis that alien invasive plant diversity follows similar patterns and
responds to the same factors as those usually reported for native
biodiversity. Overall, our results suggest that environmental condi-
tions determine how many alien species will invade a given land-
scape mosaic, while isolation and limitations to dispersal largely
select which species will actually invade and compose that land-
scape. The three plant strategies evaluated in our study exhibited
10 J.R. Vicente et al. / Perspectives in Plant Ecology, Evolution and Systematics 16 (2014) 1– 10
generally similar responses, and the same happened in most cases
for species groups differing in residence time. Nonetheless, the
inﬂuence of land cover/use on richness patterns for species with
longer residence times provides further support to the idea that
landscape planning and management can be powerful tools to
anticipate expansions towards non-invaded areas. In this context,
spatially explicit approaches to dissimilarity analysis, such as GDM
(Ferrier et al., 2007), could provide additional support to decision-
making on prevention, control and eradication priorities.
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